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and toggle testing. 27 In a recent cadaveric biomechanical study, cortical screw fixation provided approximately the same stability as pedicle screw fixation regardless of the presence of interbody support. 24 While studies have shown the biomechanical similarities between pedicle and cortical screws in pullout strength, toggle, and stiffness, no researcher has examined the possibility of one screw path having the ability to rescue the failure of the other. The aim of this study was to investigate the ability of a cortical screw to rescue a failed pedicle screw track and a pedicle screw to rescue a failed cortical screw track, without extension or augmentation of the fixation in either case.
methods
Biomechanical testing was conducted on 10 fresh-frozen nonosteoporotic human lumbar spines (L2-5). Specimens showed no signs of neoplastic, traumatic, congenital, or degenerative conditions on screening radiographs. Dual-energy x-ray absorptiometry (DEXA) scans of each specimen were obtained prior to biomechanical testing, and no osteoporotic specimens were included in our analysis. Specimens were obtained from 6 males and 4 females, with a mean age of 54 years (range 38-68 years) at death. Over a period of 45 days, specimens were received, instrumented, and tested in sequence as they became available. Specimens were assigned to instrumentation groups in an effort to balance the DEXA scores between the two groups.
Each specimen was first dissected free of surrounding soft-tissue muscle and fat with careful attention to preserve ligamentous structures, facet capsules, and discoligamentous complexes. The specimens were then potted in cylindrical fixtures using a commercially available bonding material (Bondo, 3M Company). Both L-3 and L-4 were instrumented, in 5 specimens with 4.5 × 30-mm MAST MIDLF cortical trajectory screws (Medtronic Inc.; Fig. 1A ) and in the other 5 specimens with 6.5 × 45-mm CD Horizon Solera pedicle trajectory screws (Medtronic Inc.; Fig. 1B ). The L-3 and L-4 levels were chosen for instrumentation because they have similar pedicle diameters and because doing so allowed the adjacent L-2 and L-5 segments to be potted for mechanical testing. Traditional pedicle screws and cortical trajectory screws were placed according to previously described techniques ( Fig.  2) . 19, 20, 27 Pedicle screws were undertapped by 1 mm, and cortical trajectory screws were not tapped. Fluoroscopic imaging was used to confirm correct screw placement. After screw insertion but before rod insertion, specimens were preconditioned in flexion/extension, lateral bending, and axial rotation for 30 cycles in each axis. 2 Screw and rod constructs were then completed with 4.75-mm CoCr rods (Medtronic Inc.). Using a custom-made 4-axis 3D pneumatic spine testing apparatus and a 5-Nm nondestructive load in flexion/extension, lateral bending, and axial rotation at a rate of 0.1 Hz, we performed stiffness testing on each specimen ( Fig. 3 left) . [1] [2] [3] [4] [8] [9] [10] 28 The spine testing apparatus is capable of exerting a force about one axis while keeping all other forces at a minimum in order to achieve close to pure moment testing. Three-dimen-sional displacements were recorded using the Optotrak system (model 3020, Northern Digital Inc.; Fig. 3 
right).
Five cycles were performed for each stiffness measurement, with the final stiffness value (Nm/degree) based on the average of the final two readings.
Following mechanical stiffness testing, the bilateral L-3 screws for each specimen were tested to failure with a coaxial pullout test, and the load required for failure was recorded for each screw (model 1331, Instron Corp.) with a ± 5-kN electronically calibrated load cell (model 2518-103, Instron Corp.), controlled with a companion software package (Console Version 8 using an Instron FastTrack 8800 controller). The failed screw track was then salvaged with a screw of the opposite trajectory, and rods were reinserted to create a hybrid construct (Fig. 4) . The specimen was then put through the same mechanical stiffness tests and recordings as outlined above. At the conclusion of kinematic testing, the bilateral hybrid rescue trajectory screws at L-3 were tested to failure with a coaxial pullout test as described above.
Data analysis was performed using Microsoft Excel software, and data were statistically compared using the appropriate paired t-test or Student t-test. Statistical significance was set a priori to p = 0.05.
results
The mean bone mineral density at L3-4 was 1.28 ± 0.20 g/cm 2 across all specimens. The mean bone mineral density measurements were 1.24 ± 0.17 and 1.30 ± 0.22 g/ cm 2 for the initial cortical and pedicle screw groups, respectively (p > 0.05). There were no significant differences in stiffness in flexion/extension or axial rotation between the initial pedicle screw construct and the subsequent hybrid construct with cortical rescue screws; however, a significant difference was noted in lateral bending (Tables 1  and 2 and Fig. 5 ). There were no significant differences in stiffness in flexion/extension, lateral bending, or axial rotation between the initial cortical screw construct and the subsequent hybrid construct with pedicle rescue screws (Tables 1 and 2 and Fig. 6 ). Similarly, there were no significant differences in stiffness in flexion/extension, lateral bending, or axial rotation between the hybrid construct with cortical rescue screws and the hybrid constructs with pedicle rescue screws (Tables 1 and 2). In pullout testing, the initial L-3 pedicle screws failed at 1501.7 N, and the subsequent L-3 cortical rescue screws failed at 839.2 N. The initial L-3 cortical screws failed at 1909.4 N, and the subsequent pedicle rescue screws failed at 1148.4 N (Fig.  7) . The L-3 cortical rescue screws retained an average of 60% of the original pedicle screw pullout strength, and the L-3 pedicle rescue screws retained an average of 65% of the original cortical screw pullout strength.
discussion
Salvaging a loose or compromised pedicle screw may be necessary for a number of reasons, including errors in screw placement, hardware failure, or pseudarthrosis. 7, 15 It is important for the spine surgeon to be familiar with a variety of techniques for screw salvage.
A number of pedicle screw salvage techniques have been described in the literature. One of the more common strategies involves using a screw of greater diameter and/or length. 26 Augmentation with substances such as polymethylmethacrylate (PMMA), calcium phosphate, hydroxyapatite, and carbonated apatite cement has also been shown to be an effective means of pedicle screw salvage. 18, 22, 23, 30 Although effective, augmentation with foreign substances, especially PMMA, could lead to neurological injury if extravasation outside of the pedicle and/ or vertebral body occurs. 12, 29 These substances may also be difficult to remove and may increase the risk of subsequent pedicle fracture. 6 The use of allograft bone augmentation in the form of "matchsticks" or "plugs" for pedicle screw fixation has been studied in the laboratory setting and has been shown to be inferior to other augmentation techniques. 5, 25 Additionally, there is concern, based on the results of other studies, that allograft bone may be quickly resorbed after surgery, causing the pedicle screw to lose fixation. 13 Another option for salvaging a compromised pedicle screw is to use a different screw trajectory or insertion technique. This strategy has been investigated in the thoracic spine. Yüksel et al. investigated the pullout resistance of thoracic extrapedicular screws used in a salvage procedure and demonstrated a restored pullout strength to 65% ± 30% of that of intrapedicular screws. 31 Lehman and colleagues demonstrated, in a cadaveric study, that using the anatomical trajectory for thoracic pedicle screw salvage obtained 62% of the maximal insertional torque achieved with initial fixation using the straight-forward trajectory. 16, 17 Cortical trajectory screws have been studied as an alternative to traditional pedicle screws for primary fixation; 20, 24, 27 however, the present study is the first in which their potential use as a rescue option has been evaluated in the setting of a failed or compromised pedicle screw in the lumbar spine. Our findings revealed that cortical trajectory screws averaged 839.2 N of pullout force when used to rescue a failed pedicle screw. While pullout methods vary among studies, the absolute pullout value in our study is equal to or higher than the average raw pullout values reported for pedicle screws in control groups from other biomechanical studies. 14, 22, 30 There were no significant differ-ences in stiffness testing in flexion/extension or axial rotation between the initial pedicle screw construct and the subsequent hybrid construct with cortical rescue screws. A significant difference in stiffness in lateral bending was noted between the initial pedicle screw construct and the subsequent hybrid construct with cortical rescue screws, although this difference was relatively small. These findings suggest that the use of cortical trajectory screws to salvage a failed pedicle screw track is one option among many. As with any rescue method, there is a loss of initial strength; however, this particular option offers safe screw placement, as it is directed away from the neural elements. When utilizing this option, however, the surgeon should note that the head of the rescue screw is not collinear with screws of the opposite trajectory. This may pose a challenge with rod placement in a multilevel construct, and offset connectors may be used to overcome this technical issue.
Findings in this study also suggested that a compromised cortical screw track can be rescued with a pedicle screw at the same level. The L-3 pedicle rescue screws retained an average of 65% of the original cortical screw pullout strength, again with good raw pullout values. There were no significant differences in stiffness testing in flexion/extension, lateral bending, and axial rotation between the initial cortical screw construct and the subsequent hybrid construct with pedicle rescue screws. Knowing that there is a viable rescue option may increase surgeon comfort in trying the cortical trajectory screws in the appropriate circumstances.
A potential limitation of this study is that only a small number of specimens were tested. Clearly, if the sample size were increased to a large enough number, then eventually a statistically significant difference could be detected. However, no threshold values have been established for what constitutes a clinically or biologically meaningful difference for measurements such as stiffness or pullout strength; thus, a meaningful power analysis cannot be performed. Future studies might focus on clinical and radiographic outcomes for screws placed in the standard pedicle versus cortical trajectories, both in the primary and revision settings, and on direct biomechanical testing of various salvage techniques.
conclusions
In summary, cortical trajectory screws may be used as a primary mode of fixation; however, data in this study support their use as a rescue option in the setting of a failed or compromised pedicle screw construct in the lumbar spine without the need for augmentation or additional levels of fixation and fusion. Future clinical studies are needed to corroborate the theoretical and in vitro benefits noted in this study. acknowledgment Implants were donated by Medtronic Inc.
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